All-atom molecular simulations and two-dimensional nuclear overhauser effect spectrum have been used to study the conformations of carnosine in aqueous solution. Intramolecular distances, root-mean-square deviation, radius of gyration, and solvent-accessible surface are used to characterize the properties of the carnosine. Carnosine can shift between extended and folded states, but exists mostly in extended state in water. Its preference for extension in pure water has been proven by the 2D nuclear magnetic resonance (NMR) experiment. The NMR experimental results are consistent with the molecular dynamics simulations.
I. INTRODUCTION
Carnosine is a dipeptide of β-alanine and L-histidine in skeletal muscle. This compound is a radical scavenger and a possible neurotransmitter-like molecule that regulates neuronal functions [1−8] . In the pharmaceutical industry, carnosine is found in relatively high concentrations in several body tissues. It is also used as an anti-aging agent, thus is called the fountain of youth [9, 10] . Carnosine can inhibit oxidation under pH and temperature conditions expected during the processing and storage of muscle food [11] . The carnosine molecule contains imidazole, a five-membered heterocyclic ring that is important in biological activities. The behavior of imidazole under pressure in carnosine can provide new reaction mechanisms, which can lead to novel material synthesis [12, 13] . Murli et al. used Raman spectroscopy to study the ring-opening polymerization in carnosine under pressure [13] . The onset of ring-opening polymerization involving the imidazole ring occurs at pressures of approximately 2.8 GPa. A substantial fraction of the monomer is converted to a polymer network at pressures above 12 GPa. Hipkiss investigated the anti-aging actions of carnosine. Carnosine was found to exert anti-convulsant effects in rodents [14] . The dipeptide is speculated to participate in the repair of protein isoaspartyl groups. Molecular dynamics (MD) simulation has been proven to be particularly valuable for the research on the structures and interactions in biomolecular systems [15−17] . Spectral measurements such as nuclear magnetic resonance (NMR) spectra are highly powerful techniques, which can be used to investigate interactions and structures of biochemical molecules in solutions [18−20] . We previously investigated the interactions and the structures in a special associated system such as amide-water and small peptide mixtures [21−24] . Several interesting phenomena were observed in the mixture, such as weak C−H· · · O contacts and excess properties.
Although several theories and experiments have been adopted to study carnosine, the hydrogen-bonding network and correlative conformation of carnosine in aqueous solution have seldom been explored using twodimensional (2D) NMR and MD simulations. To gain a deeper insight into the carnosine-water system, radial distribution functions (RDFs), intramolecular distance (Dis), radius of gyration, root-mean-square deviation (RMSD), and information on the 2D nuclear Overhauser effect spectroscopy (NOESY) spectrum were used to reveal the interactions in carnosine aqueous solutions.
II. COMPUTATIONAL METHODS

A. Molecular models
Simple rigid models were used for both water and carnosine. The nonbonded interactions are denoted by a sum of Coulomb and Lennard-Jones terms in Eq.(1).
where E ab is interaction energy between two molecules a and b. q is partial charge on atom. ε and σ are the well depth parameter and collision diameter in LennardJones functions, respectively. r denotes the distance between two atoms. Standard combination rules were used via Eq. (2) and Eq.(3).
The same expression is used for intramolecular nonbonded interactions between all the pairs of atoms (i<j) separated by three or more bonds. In Eq.(1), f ij equals 1.0 except for intramolecular 1,4 interactions with f ij =0.5. The simple point charge (SPC) model [25, 26] and the optimized potentials for liquid simulation-all atom (OPLS-AA) model [27, 28] were used for water and carnosine molecules, respectively. The carnosine molecule is ionized in aqueous solution and maintains the charged state in the neutral solution. The structure of carnosine is illustrated in Fig.1 . Potential parameters and symbol of the atoms for SPC water and carnosine are shown in Table I .
B. Simulation details
MD calculations were performed using a modified TINKER 5.1 molecular modeling package [29] . The simulations were carried out in the NPT ensemble at T =298 K and P =101 kPa. The carnosine molecule was placed in a cubic box and solvated by 512 SPC water molecules to study the conformations in the dilute solutions. Periodic boundary conditions were adopted with a spheric cutoff. The particle-mesh Ewald (PME) method was used for long-range electrostatics. Energies of the initial configurations were minimized by the MINIMIZE program in the TINKER 5.1 package. Simulations of 5 ns were used for equilibrium, and simulations of 20 ns were used for analysis. Configurations were saved every 1 ps. The initial conformation was obtained from the beginning conformation of the molecule in MD simulations.
C. Definitions
The radius of gyration (R g ) is defined as follows [30] where r g represents the position of the molecular center, r i represents the position of the i atom, and N is the number of the atoms. Solvent-accessible surface areas (ASAs) of carnosine were calculated using the Connolly algorithm [31] . The RMSD of each atom in carnosine from the initial conformation was also calculated. The distance is defined between terminal NH 3 + and CO 2 − .
III. EXPERIMENTS
1 H-NMR, 1 H-1 H COSY, and 2D-NOESY spectra were measured using a Bruker DMX 500 spectrometer operating at 500 MHz with an accuracy of ±0.1
• C. The mixing time was 80 ms, and the number of scans was set to 16. The carnosine exiguous solution (0.05 mol/L) consisted of 90%H 2 O-10%D 2 O, which is used in biological NMR [32, 33] . The 1 H NMR at different temperatures of 298, 308, 318, and 328 K were also measured.
IV. RESULTS AND DISCUSSION
A. Conformational analysis
The Dis, R g , RMSDs, and ASA are four of the most important factors to be considered when analyzing the flexibility and the conformation of biomolecules in a solution. The simulations are characterized in terms of these four factors, as shown in Fig.2 . The variations in the four characteristic properties show consistency with time dependence. The shorter the intramolecular distance between terminal NH 3 + and CO 2 − , the more folded the conformations will be. The values of R g and surface area decrease because of the folded conformation. The folded conformation of carnosine deviates from the initial structures, which also results in increased RMSD.
The carnosine states can be classified by the distribution of the square of R g 2 [34] . The distribution of R g 2 in the 20 ns simulations is shown in Fig.3 . The folded state can be classified as the range of R g 2 <10.5Å 2 . The extended state can be classified as the range of R g 2 >13Å 2 , and R g 2 of the semifolded state is between 10.5 and 13Å
2 . Carnosine mainly prefers the extended and the semifolded conformations, and the folded conformation is not often observed. The distances between the terminal NH 3 + and CO 2 − (Fig.2) ranges from 8Å to 10Å, which can also be classified as the extended conformation region. The carnosine molecule is highly flexible in aqueous solution, as shown by RMSD, R g , distance, and surface area as functions of simulation time. The carnosine molecule does not exist as a unique native state and can convert quickly from extended to folded conformations. The carnosine molecule mainly prefers the extended conformation.
B. RDF and hydrogen bond analysis
The structure of a liquid is well characterized by RDF. The RDFs for hydrogen atoms (H13 and H6) in different NH groups and water molecules are illustrated in Fig.4 
(a). The different hydrogen atoms in the NH groups show different capabilities and stabilities in forming N−H· · · O hydrogen bonds. H13 is the hydrogen atom in the imidazole ring. The first peak in g(r)[OW−H13] is remarkably higher than that in g(r)[OW−H6]. The distance of the first peak in g(r)[OW−H13] (approximately 1.7Å) is shorter than that in g(r)[OW−H6]
(approximately 1.9Å). These results indicate that the amide hydrogen atom in the imidazole ring is more favored in forming strong hydrogen bonds of N−H· · · O than the amide hydrogen atom in the carbon chain. The RDFs for different weak C−H· · · O contacts are also demonstrated in Fig.4(b) .
The intensity of g(r)[OW−H16] is stronger and the distance is shorter than those of g(r)[OW−H7].
These results reveal that the hydrogen atoms of the methyl group in the imidazole ring are more favored in forming weak C−H· · · O contacts than those hydrogen atoms in the carbon chain. The weak C−H· · · O contacts can not be neglected in the mixtures although the intensities of the weak C−H· · · O contacts are weaker than those of the strong hydrogen bonds. The first broad peaks of the RDFs also indicate that the intermolecular interactions are likely to include weak hydrogen bonds and other weak interactions, such as dipolar interactions and dispersions.
For further insight into the carnosine-water mixtures, several typical clusters of carnosine generated by a trajectory analysis of the simulations are depicted in Fig.5 . The water molecules preferably form hydrogen bonds with the amide hydrogen atom in the imidazole ring than that in the carbon chain. Different cases are observed in different conformational states of carnosine. For example, in the extended conformation ( Fig.5 (a) and (b) ), all amide hydrogen atoms can form N−H· · · OW hydrogen bonds with water. However, in the folded conformation (Fig.5 (c) and (d) ), hydrogen bonds are preferably formed between water and amide hydrogen atoms in the imidazole ring, which show agreement with the RDFs in MD simulations.
C. Comparison to NMR experiments
NMR spectroscopy is frequently used to investigate intermolecular interactions of biomolecules in solution. Efficient NMR-based structural determination relies on the measurement of nuclear overhauser effects, which yield 1 H-1 H upper distance limit constraints [35, 36] . 1 H NMR, 1 H-1 H COSY, and 2D-NOESY were measured in the present work. The chemical shifts of the Table II . The NOESY spectrum of carnosine in aqueous solution is illustrated in Fig.6 . The findings from MD simulations show good agreement with the NOESY spectra obtained.
Hydrogen bond interactions are sensitive to temperature variations. A strong hydrogen bond leads to a larger shift than a weak hydrogen bond. The shift of the water hydrogen (HW) atom is obvious. However, for the methyl hydrogen atom, no obvious change is observed with temperature. The variations of the relative chemical shifts with temperature which also reflect the capabilities of forming hydrogen bonds. The chemical shifts of different temperature-dependent hydrogen atoms are shown in Table III . The changes in the HW atoms with the temperature (∆δ/∆T ≈11×10 −3 ppm/K) are considerably larger than those of methyl hydrogen atoms (∆δ/∆T ≈0.2×10 −3 ppm/K to 0.5×10 −3 ppm/K). These results reveal that the hydrogen bonds of OW−HW· · · OW are markedly stronger than those weak C−H· · · O contacts.
NOESY spectra provide information about protons which are 5Å or less apart in space, not bonds. The presence of a NOE peak is a direct evidence that two protons are within 5Å from each other in space. In aqueous solution, HW atoms show several weak NOE signals relative to the hydrogen atoms in carnosine (peaks 1, 4, 7, and 8). However, for the intramolecular interaction of carnosine, the H2 atoms (peak 4 in Fig.6) show weak NOE signals relative to the H3 atoms (peak 1 in Fig.6 ). The H2 and the H3 atoms are close to each other in carnosine. No other signal is found between two atoms in carnosine. The results of the 2D NOESY spectrum reveal that carnosine exists in the extended state in aqueous solution, which show good agreement with the MD simulations.
D. Role of water
MD simulations and 2D NOESY spectra show that carnosine is mostly in the extended state in aqueous solutions. The simulations exhibit that carnosine is highly flexible in aqueous solution. The conformations can be converted from extended to folded. Numerous biomolecules are active only in aqueous solution. Water molecules show highly strong capability in forming hydrogen bonds, and can form bridge hydrogen bonds with carnosine to make the cluster more stable. As a good proton acceptor and donor, water can easily break the folded conformation. The competitionforming hydrogen-bonding interactions of carnosine in aqueous solution lead to the hydrogen bond networks and the distribution conformations, which affect the carnosine activity under physiological conditions.
V. CONCLUSION
The conformations and the structures in carnosinewater system were examined by the all-atom MD simulations and 2D NOESY spectra. Dis, R g , RMSD, and ASA were calculated to examine the conformational flexibility of carnosine in aqueous solutions. Simulations revealed that carnosine does not exist in a unique native state, but exists mostly in extended state in water. This phenomenon was proven by the 2D NOESY spectrum.
